Fate decisions in neural progenitor cells are orchestrated via multiple pathways, and the role of histone acetylation in these decisions has been ascribed to a general function promoting gene activation. Here, we show that the histone acetyltransferase (HAT) cofactor transformation/transcription domain-associated protein (Trrap) specifically regulates activation of cell-cycle genes, thereby integrating discrete cellintrinsic programs of cell-cycle progression and epigenetic regulation of gene transcription in order to control neurogenesis. Deletion of Trrap impairs recruitment of HATs and transcriptional machinery specifically to E2F cell-cycle target genes, disrupting their transcription with consequent cell-cycle lengthening specifically within cortical apical neural progenitors (APs). Consistently, Trrap conditional mutants exhibit microcephaly because of premature differentiation of APs into intermediate basal progenitors and neurons, and overexpressing cell-cycle regulators in vivo can rescue these premature differentiation defects. These results demonstrate an essential and highly specific role for Trrap-mediated histone regulation in controlling cell-cycle progression and neurogenesis.
SUMMARY
Fate decisions in neural progenitor cells are orchestrated via multiple pathways, and the role of histone acetylation in these decisions has been ascribed to a general function promoting gene activation. Here, we show that the histone acetyltransferase (HAT) cofactor transformation/transcription domain-associated protein (Trrap) specifically regulates activation of cell-cycle genes, thereby integrating discrete cellintrinsic programs of cell-cycle progression and epigenetic regulation of gene transcription in order to control neurogenesis. Deletion of Trrap impairs recruitment of HATs and transcriptional machinery specifically to E2F cell-cycle target genes, disrupting their transcription with consequent cell-cycle lengthening specifically within cortical apical neural progenitors (APs). Consistently, Trrap conditional mutants exhibit microcephaly because of premature differentiation of APs into intermediate basal progenitors and neurons, and overexpressing cell-cycle regulators in vivo can rescue these premature differentiation defects. These results demonstrate an essential and highly specific role for Trrap-mediated histone regulation in controlling cell-cycle progression and neurogenesis.
INTRODUCTION
During brain development, the number and diversity of neurons and other cell types are determined by multiple cues controlling the proliferation and differentiation of stem and progenitor cells in a spatiotemporal manner (Farkas and Huttner, 2008) . The embryonic neocortex is organized into two germinal zones, the ventricular zone (VZ) and the subventricular zone (SVZ). The VZ contains apical progenitors (APs; also termed radial glial cells), which are transformed from the neuroepithelial cells (the neural stem cells) (Gal et al., 2006; Gö tz and Huttner, 2005; Kriegstein and Gö tz, 2003) and divide at the ventricular surface of the VZ (Farkas and Huttner, 2008) . The SVZ, localized above the basal layer of the VZ, contains the intermediate or basal progenitors (BPs), which emerge from the APs and divide away from the ventricular surface (Haubensak et al., 2004) . Unlike APs that give rise to BPs, neurons, and self-renewal, BPs mainly produce neurons (Noctor et al., 2008) . These processes are highly influenced by extrinsic cues, including growth factors, cytokines, adhesion molecules, extracellular matrix, and physical cues that can be sensed through the primary cilia (Han and Alvarez-Buylla, 2010) . Equally important, intrinsic programs, such as transcription control and spindle alignment, represent a decisive mechanism in the maintenance and expansion of neural stem and neural progenitor (NP) cells (Fietz and Huttner, 2011; Molyneaux et al., 2007; Tiberi et al., 2012) . Another cell-intrinsic program regulating NPs output appears to be through cell-cycle progression (Lange et al., 2009; Pilaz et al., 2009) .
A tight control of the gene expression profile during development is critical to transform proliferative, undifferentiated tissues into a fully functional brain cytoarchitecture. Growing evidence indicates that epigenetic mechanisms can control transcriptional programs and influence cell fate (Fazzio et al., 2008) . The epigenetic modification of histones has emerged as a key player in the brain development and also in the brain functionality in adulthood. The importance of histone acetylation in neural stem cell differentiation has been ascribed to its regulation of the expression of genes in CNS development (Balasubramaniyan et al., 2006; Hsieh et al., 2004; Wang et al., 2010) . Furthermore, NPs are shown to preserve their differentiation in the absence of external cues through mechanisms that could involve epigenetic modifications (Ravin et al., 2008; Shen et al., 2006) .
Histone acetylation is modulated by histone acetyltransferases (HATs) and histone deacetylases (HDACs). The HAT cofactor transformation/transcription domain-associated protein (Trrap) is a component shared by several HAT complexes, including SAGA, P300/CBP-associated factor (PCAF), and Tip60 (Murr et al., 2007) . Trrap downregulation or deletion causes cell and mouse lethality, defects in the spindle checkpoint, and differentiation (Herceg et al., 2001; Li et al., 2004; Wurdak et al., 2010) . Trrap and other Tip60 complex components are important for the maintenance of the cell status of mouse embryonic stem cells and brain-tumorinitiating cells by regulating stemness genes (Fazzio et al., 2008; Sawan et al., 2013; Wurdak et al., 2010) . Genetic and chemical inhibition of HDACs resulted in somewhat controversial data regarding the role of histone deacetylation in neural stem cell differentiation (Balasubramaniyan et al., 2006; Montgomery et al., 2009 ). Thus, the exact mechanisms by which histone acetylation and deacetylation influence differentiation of NPs are not fully understood.
RESULTS

Trrap Deletion Results in Severe Developmental Defects in the Brain
We have previously shown that null mutation of Trrap causes early embryonic lethality (Herceg et al., 2001 Figure 1C ). Gross abnormalities of Trrap-CNSD brain became obvious as early as E15.5, when the ventricles started to become dilated (Figure S1G) . At this stage, the Trrap-CNSD cortex appeared disorganized and showed a lack of clear separation between the VZ and SVZ ( Figure 1D ).
Deletion of Trrap Reduces Proliferation and Increases Cell Death in the Neocortex
To investigate possible causes of brain atrophy, we used in vivo pulse labeling of bromodeoxyuridine (BrdU) Figures 1G and 1H ).
Mislocalization of NPs in Trrap-CNSD Neocortex
Because other knockout mice exhibit a high extent of apoptosis in the developing cortex in the absence of atrophy (Frappart et al., 2007; Gruber et al., 2011; Shull et al., 2009; Zhou et al., 2012) , a relatively modest cell death in Trrap-CNSD neocortex is unlikely to fully account for the striking reduction in cortex thickness. Thus, we reasoned whether a depletion of progenitor pools caused the microcephaly. Costaining of the AP marker Pax6 and the BP marker Tbr2 revealed that a mixed localization of BPs and APs with an ectopic presence of BPs was evident in the proliferative area of E15.5 Trrap-CNSD cortices (Figure 2A) . Additionally, the ratio of BP (Tbr2 + )/AP (Pax6 + ) was significantly increased in mutants at E15.5 but not E14.5 ( Figure 2B ).
To determine the reason for the disturbed ratio of BPs versus APs in Trrap-CNSD cortex, we took advantage of the fact that APs divide at the apical surface and BPs divide in the SVZ area. We performed immunostaining of the mitotic marker phosphohistone H3 (p-H3) and found an increase of basal p-H3 + cells
in Trrap-CNSD cortex at E15.5 but not earlier (Figures 2A and 2C) . However, no significant difference in the number of apical mitoses was observed in Trrap-CNSD cortex at both E14.5 and E15.5 ( Figure 2C ). These results suggest that TrrapD APs can divide normally but produce more BPs. To map the identity of these mitotic cells, we coimmunostained p-H3 with Pax6 and Tbr2 ( Figure 2A ). Notably, in Trrap-CNSD cortices, a significant number of basal mitoses expressed only Pax6, representing ectopic AP division ( Figure 2D ). We also found that a significant proportion of basal mitotic cells lost both Pax6 and Tbr2 markers, which was rarely seen in control neocortex ( Figure 2D ). Coimmunostaining of p-H3 with Sox2 and Tbr2 showed a similar pattern and a significant increase of basal mitotic cells lacking both Sox2 and Tbr2 markers ( Figures S2A and S2B ). Although we were unable to identify the nature of this population, these may represent nonneuroprogenitors. We also analyzed the progenitor status in other regions, namely midbrain and hindbrain, that lack basal progenitors. We found no obvious difference of Tbr2 + cells and p-H3 + cells in basal and apical areas in both control and mutant sections ( Figures S2C and S2D ). Tuj1 staining revealed a general reduction of the neuronal areas, although the relative thickness was comparable between controls and mutants ( Figures S2C and S2E) . These results suggest a specific role of Trrap in preventing premature differentiation in cortical progenitors in vivo.
Increased Differentiation of APs upon Trrap Deletion
To further analyze whether the increased ratio of BPs versus APs was due to biased production of certain daughter cells from APs, we crossed the Trrap-CNSD mice with transgenic mice expressing Tis21-GFP that expresses in the subpopulation of APs or BPs committed to producing neurons (Haubensak et al., 2004 S2G ). These two populations could both represent apical progenitors that are about to or have just become basal progenitors (Glickstein et al., 2007 (Glickstein et al., , 2009 , indicative of an increased differentiation of APs to BPs. Altogether, Trrap deletion specifically promotes differentiation of APs to BPs and neurons. Next, we investigated whether Trrap deletion would alter the orientation of mitotic spindles to influence the NP self-renewal or differentiation. We examined the cleavage planes of mitotic APs and found no significant difference between control and mutant APs in the distribution of the apical plasma membrane harboring the cadherin hole in the endfoot ( Figures S3A and  S3C) . Moreover, the orientation of the mitotic spindle was not affected by the Trrap deletion ( Figures S3B and S3C ). These data indicate that the premature differentiation of TrrapD APs is unlikely resulted from changes in the spindle orientation of APs.
Premature Differentiation of Trrap-D NPs In Vitro
To test whether premature differentiation of TrrapD NPs was cell autonomous or influenced by external cues, we isolated NPs from E14.5 brains in order to form neurospheres in culture. Although no significant difference in the total number of neurospheres was observed between TrrapD and control brains, the (G) TUNEL reaction (red) was conducted on E15.5 sagittal sections followed by DAPI counterstaining (blue Figure S1 .
number of cells in each neurosphere was 10-fold lower in Trrap-CNSD than controls ( Figures 4A-4C ). TrrapD NPs were unable to form secondary neurospheres. These findings indicate that TrrapD NPs possess a highly compromised self-renewal capacity. Strikingly, immunofluorescence staining of NP cultures revealed a spontaneous neuronal differentiation of TrrapD neurospheres judged by a high proportion of Tuj1 + cells (Figures 4D and 4E) . Moreover, NPs derived from the cortex, midbrain, hindbrain, or ganglionic eminences all showed a premature differentiation of NPs to neurons ( Figure 4F ). These data indicate that loss of Trrap promotes the premature differentiation of NPs in a cell-autonomous manner. However, we did not detect an increase of the relative Tuj1 + population in all these regions of TrrapD brains in vivo (see Figures S2C-S2E ), which could be attributed to a lower proliferation rate of TrrapD NPs and increased apoptosis of TrrapD neurons.
Trrap Controls the Expression of Cell-Cycle Regulators in NPs
Trrap recruits HAT activity to target promoters and assist transcriptional initiation (Murr et al., 2007) . To analyze the possible causes of the unscheduled differentiation of APs, we conducted a genome-wide analysis of mRNA levels (RNA sequencing [RNAseq] ) with three biological replicates from E14.5 cortices. Trrap deletion resulted in highly reproducible changes in the transcriptome of cortices with 2,381 genes whose expression showed a significant change (false discovery rate adjusted p value defined by Cufflinks, q < 0.05; NCBI Gene Expression Omnibus [GEO] number GSE43650; Figure 5A ) (Trapnell et al., 2012) . Moreover, transcriptional levels in control and Trrap-CNSD cortices were highly correlated (Pearson correlation coefficient r 2 = 0.8339; p < 0.0001; Figure 5B ), indicating that the global transcriptional activity did not change because of Trrap deletion. Bioinformatic analysis revealed that the most affected pathways upon Trrap deletion were ribosomal genes followed by the cell-cycle-regulation group (Figures 5C and S4A and Table S1 ). Notably, the ribosomal genes group contained about 50% of pseudogenes and predicted genes (p = 4.5 3 10
À45
). Additionally, genes involved in neuronal maturation and axon guidance were found to be downregulated upon Trrap deletion (Figures 5C and S4A and  Table S1 ). In agreement with the increase in neurogenesis (premature differentiation), genes involved in axon growth and synaptic transmission were also enriched upon Trrap deletion ( Figure S4B and S4C and Table S1 ). Notably, the neurogenesis master genes, such as Notch, Wnt, BMP, and epidermal growth factor (EGF) signaling, as well as Pax6 and Tbr2, were not dysregulated (Figures 5C and S4) , suggesting that the primary cause of the premature differentiation of Trrap-CNSD progenitors is most likely independent of these pathways. Thus, we considered the cell-cycle regulation as one of the most relevant pathways involved in the unscheduled differentiation of TrrapD NPs.
Deletion of Trrap Lengthens Cell-Cycle Progression of NPs in the Neocortex
To further investigate whether the change of cell fate in APs could be a consequence of impaired cell-cycle progression, we measured in vivo the cell-cycle parameters of TrrapD NPs with a cumulative 5-ethynyl-2 0 -deoxyuridine (EdU) incorporation assay (Arai et al., 2011) in conjunction with immunostaining for Pax6 and Tbr2, respectively (Figures S5A and S5B) . Trrap deletion dramatically elongated the total cell-cycle length within the AP population (42.3 versus 21.1 hr), whereas only a modest delay was found in the BP population (29.7 versus 24.6 hr). The growth curve of TrrapD APs did not reach a plateau, indicative of incompletion of cell cycle by most cells in the cortices, even 30 hr after the first EdU injection ( Figure 6A ). Next, we combined EdU labeling and immunostaining for p-H3 in order to measure the duration of G2 and M phases of NPs within 7 hr after the first EdU injection ( Figures S5A and S5C ). The coappearance of EdU labeling and p-H3 signal (as a mitotic EdU-labeling index) is a measure of half of G2 phase length. The duration of the G2 and M phases was about 2-fold longer in TrrapD APs and about 1.5-fold longer in TrrapD BPs ( Figures 6B and 6C ). On the basis of the time duration of EdU labeling of a total of 30 hr in conjunction with G2 and M phase length, we calculated the lengths of G1 and S phases. TrrapD APs (Pax6 + ) showed approximately 2-fold elongation in S and G1 phases, whereas these phases of BPs (Tbr2 + ) were not significantly changed ( Figure 6C ). To further study the differential response of APs and BPs in TrrapD neocortex, we stained control cortices with antibodies against Gcn5, a HAT-containing Trrap, or CBP, a Trrap-independent HAT. Strikingly, whereas CBP exhibited a uniform expression pattern along the cortex, Gcn5 expression was enriched in the VZ, where the APs are located ( Figure 6D ). These findings argue for a specific role of Trrap-containing HATs in APs.
Trrap Regulates E2F Targets during Cell-Cycle Progression of NPs
The transcription factor E2F1 directly binds Trrap in order to recruit HAT complexes to target genes and is a regulator of cell-cycle progression (Lang et al., 2001; McMahon et al., 1998; Taubert et al., 2004) . Comparison of known E2F targets with the list of differentially expressed genes (DEGs) derived from TrrapD cortices (Table S2) revealed that a group of downregulated cell-cycle regulators were E2F targets ( Figure S6A ). We also analyzed by immunoblotting the E2F targets E2F3, Cdc25A, and Plk1 (from the RNA-seq screening), and Mad2 and cyclin A2 (derived from the literature as E2F targets) with cortices and purified NPs that minimize the influence by other cell types. We found a downregulation of all E2F targets, but not E2F1, in TrrapD NPs and cortex extracts in comparison to controls ( Figures 7A and S6B ). These results confirm that E2F targets are indeed regulated by Trrap during neurogenesis.
To gain additional insight into the molecular mechanisms underlying the decrease of E2F targets, we performed chromatin immunoprecipitation (ChIP) on the promoter of Cdc25A in order to analyze the binding of transcription factors (E2F1 and E2F3), RNA polymerase, and HATs (Tip60, Gcn5, and PACF) and found much reduced enrichment of binding by these factors in chromatin purified from TrrapD NPs ( Figure 7B ). We also observed downregulation of AcH3 and AcH4 in the Cdc25A promoter (Figure 7B) . Furthermore, the binding of E2F1, Tip60, Gcn5, and (F) Neurospheres isolated from the indicated areas of the E14.5 embryonic brain were plated at a 30,000 cells/cm 2 density in polylysine-and laminin-coated plates 3 days after isolation. Cells were fixed after 3 days and immunostained with b-tubulin III/Tuj1 antibody. Quantification of Tuj1 + cells among the total cell number is shown. Total numbers of cells analyzed are indicated in the tables below the histograms. n = number of embryos analyzed. Mean ± SEM is shown. A Student's t test was performed for statistical analysis. n.s., not significant; Co, control; TrrapD, Trrap-CNSD; Ctx, cortex; MB, midbrain; HB, hindbrain; GE, ganglionic eminence.
PCAF to the promoter of Mad2, cyclin A2, and Top2A was also severely impaired in TrrapD NPs ( Figures 7C-7E ). These results demonstrate that Trrap-mediated recruitment of HAT activity is indeed important for the transcriptional regulation of E2F targets.
To test whether Trrap is essential for the activation of E2F target genes in NPs, we transfected an E2F1-expressing vector into NPs and detected an efficient upregulation of the target gene Top2A in control NPs, which was repressed in TrrapD NPs (Figures S7A and S7B) , indicating a Trrap dependence of E2F1-mediated transcriptional activation. These results suggest that downregulation of E2F-targeted cell-cycle regulators is a direct consequence of the lack of Trrap-dependent modulation of E2F on specific promoters. To ultimately investigate whether the downregulation of these cell-cycle regulators was indeed responsible for the premature differentiation of NPs, we performed in utero electroporation in order to ectopically express mCherry along with cyclins A2 and B1, both of which are E2F targets and downregulated in Trrap-CNSD cortices (see Table S2 and Figure S6A ). Intriguingly, ectopic expression of cyclin A2 alleviated neuronal overproduction of NPs because there was a significant decrease of the progenitors coexpressing mCherry and Tis21-GFP in Trrap-CNSD cortices ( Figures 7F and 7G) . Overexpression of cyclin A2 also reduced AP to BP differentiation, as judged by depletion of mCherry + Tbr2 + populations, albeit lacking a strong statistical significance ( Figures 7F and 7H) . Notably, co-overexpression of cyclins B1 and A2 significantly rescued the unscheduled differentiation of APs to neurons and to BPs ( Figures 7G and 7H ), suggesting that Trrap-HAT modulates NP differentiation through the cell-cycle control.
DISCUSSION
The fate determination of NPs, orchestrated by intrinsic and extrinsic mechanisms, is fundamental for the achievement of the fine brain architecture. Histone acetylation in concert with See also Figure S4 and Table S1 .
other epigenetic mechanisms modulates NP cell fate by transcription regulation of neural genes (Hirabayashi and Gotoh, 2010; Juliandi et al., 2010) . Here, we show that Trrap-dependent histone acetylation modulates the differentiation route of APs to BPs and neurons during cortical neurogenesis through the modulation of a subset of E2F targets that regulates cell-cycle length.
We have previously shown that constitutive knockout of Trrap results in cell lethality (Herceg et al., 2001; Li et al., 2004) . Surprisingly, the cell-death program seems to operate differently in neural cells because cell death became evident only at E14.5 (A.T., unpublished data) despite the fact that Trrap deletion occurs efficiently at E12.5. During this period, APs should divide at least five times in vivo (Arai et al., 2011; Takahashi et al., 1999) . Nevertheless, an increased apoptosis ($0.61%) in the E15.5 cortex could not fully account for the block of expansion of TrrapD brains because massive apoptosis in developing brains do not always associate with brain atrophy (Frappart et al., 2007; Gruber et al., 2011; Shull et al., 2009; Zhou et al., 2012) . The current study demonstrates that proficient Trrap-HAT is a cell-intrinsic mechanism that prevents a premature AP differentiation into BPs and neurons (Figures 3 and 4) , which otherwise ultimately reduces the output of the total cell population. Similarly, the CNS conditional knockout of Gcn5 reduced neuroprogenitor proliferation and increased oligodendrocyte differentiation (Martínez-Cerdeñ o et al., 2012) . However, PCAF knockout mice showed no obvious neurodevelopmental defects but only memory deficits in adulthood (Maurice et al., 2008; Yamauchi et al., 2000) . Moreover, heterozygous mutation and small interfering RNA (siRNA) knockdown of the Trrap-free HAT cREB binding protein (CBP) inhibits NP differentiation (Alarcó n et al., 2004; Wang et al., 2010) . On the other hand, HDAC inhibition stimulates the expression of differentiation genes and increases the neuronal production of embryonic and adult neural stem cells (Balasubramaniyan et al., 2006; Hsieh et al., 2004; Juliandi et al., 2012; Zhang et al., 2011) . Due to the redundancy, only double knockout of HDAC1 and HDAC2 result in brain atrophy because of a block of NP differentiation (Montgomery et al., 2009; Price et al., 2013) . Despite lacking embryonic brain phenotype, HDAC2 deletion affected adult neurogenesis, suggesting that HDACs may play a distinct role in adult and embryonic neurogenesis (Jawerka et al., 2010) . Rather, these different outcomes highlight the specificity and complexity of histone modifications by HAT or HDAC.
Perhaps the most important event in neurogenesis is the spatiotemporal expression of neural genes that dictates the balance between self-renewal and differentiation of NPs (Molyneaux et al., 2007) . Surprisingly, the major pathways involved in neurogenesis, such as Pax6, Wnt, SHH, etc., were not found to be significantly changed in the TrrapD neocortex ( Figure S4 and Table S1 ). Importantly, our experiments highlight the downregulation of several key cell-cycle regulators, which causes a dramatic lengthening of all cell-cycle phases in TrrapD APs, as the major cause of premature differentiation of NPs, consistent with the notion that elongation of the cell cycle increases NP differentiation (Lange and Calegari, 2010) . Intriguingly, reoverexpression of cyclins A2 and B1 could reverse the premature differentiation phenotype of TrrapD NPs. Notably, Trrap deletion had a markedly lesser impact on BPs cell-cycle lengthening, which may attribute to distinct regulatory mechanisms in APs and BPs, for example, because of a specific expression pattern of Gcn5 and CBP in the VZ ( Figure 6D ).
The specificity of Trrap in neurogenesis may be dependent on the context of the subunits in the HAT complex (Lee and Workman, 2007) . Notably, differential expression of E2F factors was found between the VZ and the SVZ (Ayoub et al., 2011; Fietz et al., 2012) . Interestingly, we showed that Trrap-HAT-dependent cell-cycle regulation in NPs is mediated by E2F function. Although E2F1-deficient mice show a significant decrease of adult neurogenesis (Cooper-Kuhn et al., 2002) , these mice are devoid of a strong neuronal phenotype, most likely because of functional redundancy of other family members (Tsai et al., 2008) . Although E2F1 expressed normally in TrrapD NPs, Trrap deletion decreased E2F1 and E2F3 binding to the target promoters and concomitantly compromised recruitment of HAT complexes and histone acetylation ( Figures 7B-7E 
(legend continued on next page)
Cell Stem Cell HAT Regulates Neuroprogenitor Fate (Dugan et al., 2002; Wurdak et al., 2010) , not all E2F targets were affected in the same way upon Trrap deletion (Table S2 ). This target selectivity may reflect different chromatin configurations in different gene loci and in different cell types (Lee and Workman, 2007; Taubert et al., 2004) . Thus, the subset of E2F targets regulated by Trrap in NPs constitutes a program for dictating AP specification.
In the present study, we show that Trrap-HAT specifically regulates cell-cycle genes via E2F in order to maintain the balance between self-renewal and differentiation of NPs in the neocortex. This mechanism guarantees the neuron number output by progenitors during brain development and ultimately determines brain size. Because histone acetylation disturbance accelerates embryonic NP differentiation, future studies are encouraged to an intervention of adult neural stem cells by modulating histone (de)acetylation status, which may have a major impact on the maintenance of the self-renewal capacity of adult neural stem cells during neurodegeneration and regeneration.
EXPERIMENTAL PROCEDURES Mice
Mice carrying the conditional (floxed, Trrap f/f ) allele (Herceg et al., 2001) were crossed with nestin-Cre transgenic mice (Betz et al., 1996) in order to generate mice with a specific deletion in the CNS (Trrap-CNSD). Tis21-GFP knockin mice (Haubensak et al., 2004) were intercrossed with Trrap-CNSD mice. All animal experiments were conducted according to German animal welfare legislation. The Trrap and Cre genotypes of mice were determined by PCR on DNA extracted from tail tissue as previously described ).
Histology
Tissues for histology were fixed in 4% paraformaldehyde (PFA), processed, and embedded in paraffin wax. For cryosections, tissues were fixed in 4% PFA, cryoprotected in 30% sucrose, and frozen in Richard-Allan Scientific Neg-50 Frozen Section Medium (Thermo Scientific). Sections (thickness of 5-15 mm) were stained with hematoxylin and eosin (H&E) or were used for immunofluorescence staining.
BrdU and EdU Labeling
For single-pulse BrdU labeling, pregnant mice at defined pregnancy stages were injected intraperitoneally with 50 mg/g body weight of BrdU (SigmaAldrich) and sacrificed 1 hr after injection. Cumulative EdU labeling was conducted as previously described (Arai et al., 2011) . TUNEL Reaction, EdU Staining, and Immunofluorescence Staining of Brain Sections TUNEL reaction was conducted on cryosections as previously described (Gruber et al., 2011) . Immunofluorescence and EdU staining were performed on 12 mm cryosections prepared from PFA-fixed brains of indicated developmental stages. For Pax6 immunodetection, a Cy3 trichostatin A kit (PerkinElmer) was used as previously described (Arai et al., 2011) . BrdU staining on cryosections was performed as previously described (Gruber et al., 2011) . EdU staining was conducted on cryosections with a Click-iT EdU Alexa Fluor 647 Imaging Kit (Life Technologies) according to the manufacturer's instructions. In all cases, sections were counterstained and mounted with Prolong Gold Antifade Reagent (Life Technologies). A list of the antibodies used is provided in the Supplemental Experimental Procedures.
Analysis of Cell-Cycle Parameters
The lengths of the cell-cycle phases were calculated by a nonlinear regression analysis of the cumulative and mitotic EdU labeling indices as previously described (Arai et al., 2011; Gruber et al., 2011; Nowakowski et al., 1989) .
In Utero Electroporation
In utero electroporation was performed as previously described (Gruber et al., 2011) . RFP and mCherry overexpressing vectors were obtained from Life Technologies; human cyclin A2 and B1 expression vectors were constructed by subcloning the human cyclin A2 and B1 cDNAs into the pcDNA3 vector (Life Technologies). Vectors were injected into the lateral ventricle of E14.5 embryos. Embryos were isolated 24 or 30 hr after electroporation and processed for immunostaining.
Neurosphere Culture and Immunofluorescence Staining NPs were isolated from E14.5 cortices as previously described (Frappart et al., 2005; Gruber et al., 2011) . Adherent NP cultures were derived from primary neurospheres after a maximum of 4 days. Adherent cultures were grown in neurobasal medium supplemented with B27, penicillin and streptomycin, 1% glutamine (200 mM), 1% N-2 supplement (all from Life Technologies), 20 ng/ml EGF, and 10 ng/ml basic fibroblast growth factor (PeproTech). For immunofluorescence staining, NPs were plated onto laminin-and poly-Dlysine-coated coverslips (Sigma-Aldrich). Cryosections of neurospheres were prepared as previously described (Pacey et al., 2006) . In brief, neurospheres were suspended in 30% sucrose overnight at 4 C followed by embedding into Richard-Allan Scientific Neg-50 Frozen Section Medium. Cryosectioned neurospheres or adherent cultures were fixed in 4% PFA for 10 min.
Immunoblot Analysis
Total protein lysates were prepared from brain tissue or NPs with RIPA buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1% NP40, 0.25% Na-deoxycholate, 1 mM EDTA, 1 mM PMSF, and cOmplete Mini Protease Inhibitor Cocktail [Roche Applied Science]), and immunoblotting was performed as previously described (Frappart et al., 2005) .
ChIP
ChIP was performed with a LowCell# ChIP Kit (Diagenode) according to the manufacturer's instructions. Chromatin used for immunoprecipitation was isolated from NPs in culture and sonicated with a Bioruptor Plus (Diagenode). (Langmead et al., 2009; Trapnell et al., 2009 Trapnell et al., , 2012 . Subsequent differential expression analysis was performed by Cufflinks2 (Trapnell et al., 2010) according their protocol (Trapnell et al., 2012) . Fragments per kilobase per million mapped reads was calculated as the expression value for each transcript. Gene ontology and Kyoto encyclopedia of genes and genomes (KEGG) pathway enrichment analysis were performed by dropping the upand downregulated gene lists into the database for annotation, visualization, and integrated discovery programs (Huang et al., 2009a (Huang et al., , 2009b , respectively.
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Antibodies used
For NP immunostaining, mouse anti-Nestin (1:500; Millipore) and rabbit anti-β-tubulin III/Tuj1
(1:500; Sigma-Aldrich) antibodies were used. For brain section immunostaining, the following antibodies were used: rat anti-BrdU (1:100; Abcam), rabbit anti-Pax6 (1:30,000;
Covance, Princeton, NJ, USA), rabbit anti-Tbr2/Eomes (1:100; Abcam), rat anti-histone H3
(phospho S28) (1:300; Abcam), rabbit anti-Sox2 (1:1,000; Abcam), rabbit anti-Gcn5 (1:100; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) and rabbit anti-CBP (1:100; Santa Cruz Biotech.). For immunoblot, the following antibodies were used: rabbit anti-Trrap 
Primers used for ChIP
The primers used for the promoter analysis were: Cdc25A Fwd, 5'-
Rev, 5'-CAGGCGTAATGAGCCCTAAG-3'; Top2A Fwd, 5'-TCAACCACTTTGCACTTCCA-3'; Top2A Rev, 5'-CGCCTTTTCGAATAAACCAA-3'.
Analysis of Trrap mRNA levels
RNA was isolated from E14.5 cortices and primary neuroprogenitor cultures using the Lipid Tissue Mini Kit (Qiagen, Venlo, Netherlands) and following the manufacturer's instructions.
cDNA was synthesized using an Affinity Script Multiple Temperature cDNA Synthesis Kit (Agilent Technologies, Santa Clara, CA, USA). qPCRs were performed using Platinum SYBR Green qPCR SuperMix-UDG and a LightCycler 480 Real-Time PCR System. The primers used for PCR amplification were previously described 
Analysis of division plane orientation
Coronal sections were stained with mouse monoclonal N-cadherin antibody (1:200; Becton Dickinson, Franklin Lakes, NJ, USA) to label the apical plasma membrane and identify the 'cadherin hole'. DAPI staining of chromosomes was used to mark the cleavage planes of apical progenitors in anaphase.
Immunofluorescence staining of sections
The following antibodies were used: rabbit anti-Tbr2 (1:100; Abcam), rabbit anti-Sox2 Santa Cruz). Briefly, for cyclin D immunostaining, following antigen retrieval using a decloaking chamber and 0.01 M Na citrate, pH 6, for 30 minutes at 120°C and blocking for 30 minutes at room temperature with blocking solution (0.1% BSA, 5% goat serum, 0,4% triton in PBS), cryosections were incubated with the primary antibody diluted in blocking solution overnight at 4°C. Secondary antibodies were also diluted in blocking solution.
Sections were counterstained and mounted with Prolong Gold anti-fade reagent.
NP transfection and qRT-PCR analysis
NPs were plated in 24-well plates in adherent conditions and overexpression of E2F1 was (B) Coronal sections were stained with the AP marker Pax6 (red), the BP marker Tbr2 (green), EdU (gray) and counterstained with DAPI (blue). EdU incorporation after 2 hours is shown as a representative example.
(C) Coronal sections were stained with EdU (gray), the mitotic marker p-H3 (green) and counterstained with DAPI (blue). EdU incorporation after 2 hours is shown as a representative example. n = number of embryos analyzed Mean ± standard error of mean is shown Student's t test was performed for n = number of embryos analyzed. Mean ± standard error of mean is shown. Figure S6 Supplemental Table Legends   Table S1 The list includes the GO or KEGG term, statistical information, and the list of genes in each group divided.
Table S2 related to Figure 7. Effects of Trrap deletion on E2F targets
A list of E2F targets classified by function was elaborated using previously published lists Ren et al., 2002) . The list of genes was compared to the genes mapped by the RNA-seq analysis and a new list was constructed. The list includes the expression level of the selected genes in control and Trrap-CNS cortices as well as the results of the statistical analysis.
